Surfactants are widely used for dispersing graphene and functionalized graphene sheets (FGS) in colloidal suspensions, but there have been few studies of the structure of the dispersed graphene-surfactant complexes in suspension and of their time evolution. Here, we combine experimental study of efficiencies of ionic surfactants/polymers in suspending FGS in water with characterization using atomic force microscopy, small angle neutron scattering, and molecular simulations to probe the detailed structures of FGSs. The small angle scattering technique provides quantitative measurement of structure of graphene sheets in the solution. This study suggests that in both ionic and nonionic surfactants, the dispersion tends to degrade over time through detachment of the surfactant molecules and structural rearrangements. Ionic surfactants with strong interfacial binding and large molecular weight increase the dispersing power by over an order of magnitude. As the basal plane of graphite, graphene is a monolayer of carbon atoms tightly packed into a two dimensional (2D) hexagonal crystalline lattice. Interest in this intriguing material has surged after its isolation from graphite as a single sheet about a decade ago. Its outstanding mechanical, electrical, optical, and electrochemical properties along with the high specific surface area have made graphene a promising molecular-scale scaffold or building block for new nanocomposites. While the highest quality graphene is fabricated by "micromechanical cleavage" of graphite [1], or by chemical vapor deposition [2] , large scale production of graphene in bulk relies on graphene oxide extracted from graphite oxide (GO) followed by its reduction towards a pristine graphene-like structure [3] . Reduction or deoxygenation of graphene oxide is typically accomplished either in the presence of chemical reducing agents [4] or by rapid thermal heating [5] of GO. As the reduced graphene oxide sheets by these approaches still contain residual functional groups, we differentiate them from pristine graphene by referring to them as functionalized graphene sheets (FGSs) [5] . We further differentiate between the FGSs based on their oxygen content through the nomenclature FGS x where x represents the molar carbon to oxygen ratio (C/O). Direct exfoliation of graphite by matching its index of refraction with that of the solvent and thus minimizing the Hamaker constant [6] or in the presence of surfactants [7] has been pursued as a cost-effective way for preparing colloidal graphene suspensions [8] . Yet, this is not a viable approach if the choice of dispersion medium is water [8] . Stable dispersion of graphene in aqueous solutions is often considered critical for many applications, such as preparation of their nanocomposites with oxides [7, 9, 10] . However, due to the effect of attractive van der Waals forces, pristine graphene and FGSs will eventually form irreversible agglomerates by restacking to graphitic structures in all solvents [4, 11] , thereby rendering production of homogeneous colloidal suspensions of graphene challenging. To prevent agglomeration, electrostatic, steric, and electrosteric stabilization mechanisms, widely used in colloidal science, have been adopted [12, 13] .
As the basal plane of graphite, graphene is a monolayer of carbon atoms tightly packed into a two dimensional (2D) hexagonal crystalline lattice. Interest in this intriguing material has surged after its isolation from graphite as a single sheet about a decade ago. Its outstanding mechanical, electrical, optical, and electrochemical properties along with the high specific surface area have made graphene a promising molecular-scale scaffold or building block for new nanocomposites. While the highest quality graphene is fabricated by "micromechanical cleavage" of graphite [1] , or by chemical vapor deposition [2] , large scale production of graphene in bulk relies on graphene oxide extracted from graphite oxide (GO) followed by its reduction towards a pristine graphene-like structure [3] . Reduction or deoxygenation of graphene oxide is typically accomplished either in the presence of chemical reducing agents [4] or by rapid thermal heating [5] of GO. As the reduced graphene oxide sheets by these approaches still contain residual functional groups, we differentiate them from pristine graphene by referring to them as functionalized graphene sheets (FGSs) [5] . We further differentiate between the FGSs based on their oxygen content through the nomenclature FGS x where x represents the molar carbon to oxygen ratio (C/O).
Direct exfoliation of graphite by matching its index of refraction with that of the solvent and thus minimizing the Hamaker constant [6] or in the presence of surfactants [7] has been pursued as a cost-effective way for preparing colloidal graphene suspensions [8] . Yet, this is not a viable approach if the choice of dispersion medium is water [8] . Stable dispersion of graphene in aqueous solutions is often considered critical for many applications, such as preparation of their nanocomposites with oxides [7, 9, 10] . However, due to the effect of attractive van der Waals forces, pristine graphene and FGSs will eventually form irreversible agglomerates by restacking to graphitic structures in all solvents [4, 11] , thereby rendering production of homogeneous colloidal suspensions of graphene challenging. To prevent agglomeration, electrostatic, steric, and electrosteric stabilization mechanisms, widely used in colloidal science, have been adopted [12, 13] .
In addition to the intrinsic functionalization of reduced graphene oxides, graphene has also been functionalized both covalently and non-covalently. Recent approaches of covalent functionalization include 1,3-dipolar cycloaddition, esterification, and functionalization with negatively charged carboxylic or sulfonic groups, for steric and electrostatic stabilization [12] . Graphene sheets have also been stabilized noncovalently with surfactants/polymers interacting with graphene via hydrophobic, π-π and ionic interactions [12] . While some of the surfactants known for dispersing carbon nanotubes (CNTs) were proven effective in dispersing graphene [14] , others such as Triton® X-100 (TX) reportedly failed to produce stable aqueous dispersions [14] . Despite many reports of pristine graphene and FGS stabilization in aqueous 
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Colloids and Interface Science Communications j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / c o l c o m solutions with surfactants and polymers, obtaining long term stability of the dispersion is still a challenge. There are limited studies on the nature of the dispersed graphene sheets in the solution, their aggregation and structural rearrangement over time. Here we combine experimental study of efficiencies of ionic surfactants/polymers in suspending FGS in water with characterization using atomic force microscopy (AFM), small angle neutron scattering (SANS), and molecular simulations to probe the detailed structure of aqueous FGS dispersions and their structural evolution over time.
FGS dispersions were prepared by horn sonication of their aggregates produced using a thermal expansion method [5] in 2 w/v% aqueous solution of various amphiphilic surfactants or polymers. Compared to the FGSs produced by the chemical reduction of graphene oxide, FGSs prepared by this thermal expansion approach have tunable C/O ranging from 7 to 500, e.g., FGS 7 to FGS 500 [5] , rendering their conductivity and hydrophobicity also adjustable. In this study, we limited our work only to FGS 14 , as it is the most widely used form for bulk scale applications. The chemical structures of surfactants and polymers used to assist the dispersion of FGS 14 (in general, referred to as FGS from hereon) in water are given in Table 1 . The efficiencies of surfactants in suspending FGS were measured and compared, as the dispersed FGS concentration (mg/100 mL) left in the supernatant after centrifugation of the horn-sonicated suspension. Surfactant mass contents, determined by thermo gravimetric analysis (TGA), were excluded from the mass of FGS paper to determine the mass of the dispersed FGS.
The presence of individual graphene sheets was confirmed by tapping mode AFM imaging of different dispersions (Fig. 1a) . All the samples were prepared by dip-coating of the surfactant mediated dispersions of FGS on silicon substrates. Surfactants were removed by calcination at 500°C. Fig. 1a shows AFM images of flat graphene flakes with a thickness of~1 nm, which corresponds to the thickness of single graphene sheets. Lateral dimensions range from several hundred nanometers to~1 μm. The dispersions were further characterized by UV-Vis spectroscopy. The absorption spectrum of surfactant dispersed FGS 14 showed a peak at 275 nm with a broad background (Fig. 1b inset) that is consistent with the previously reported result for graphene aqueous dispersions [4] . Optical absorbance per unit length (A/l) at 660 nm was measured and plotted for serial dilutions of dispersions. All dispersions tested show Lambert-Beer behavior (Fig. 1b) giving absorption coefficient of α 660 = 5880 Lg
. Several ionic and non-ionic surfactants were compared. The surfactant dispersion efficiency is defined as the concentration of dispersed FGS in horn sonicated suspension of 200 mg of FGS 14 powder in 200 mL of 2 wt% aqueous surfactant solution (see Supporting information). It follows from Table 2 that the non-ionic surfactant TX-100 is not as efficient in dispersing FGS as the ionic surfactants. Furthermore, sodium cholate (SC) with planar π-πstructures stands out among the anionic surfactant providing high FGS dispersion efficiency. This result is consistent with the literature reports that many molecules with planar hydrophobic regions such as polystyrene, pyrene, perylene, and amino acid or sodium cholate [7] yield stable graphene dispersions, while sodium dodecylsulfate (SDS) with a short hydrocarbon chain was found inefficient in producing stable aqueous dispersion of graphitic nanoplates in full coverage regime [14] . These differences suggest that strong interactions with the graphene surface are important for good dispersion. SC interacts with graphene by forming a monolayer with hydrophilic charged head-group exposed in solution and the planar region in direct contact with graphene to maximize the strength of van der Waals interactions with the substrate.
According to experimental and molecular dynamics data the density of SC monolayer on graphene is 1.53 molecule/nm 2 [15] . For linear hydrocarbon molecules, the strength of van der Waals interactions with the substrate scales with chain length, suggesting that longer molecules should have stronger interfacial binding and higher graphene dispersion efficiency. The structure of surfactant layer is another factor that influences graphene dispersion efficiency as evidenced by the differences in the performance of SDS in dispersing carbon nanotubes and graphene. To elucidate this aspect, molecular simulations were performed for a series of linear surfactants of the type C m X, where C m stands for a hydrocarbon chain of m carbons and X stands for a charged head-group. For example, for SDS m = 12 and X = SO 4
−
. In agreement with experimental [16] and molecular dynamics [17] data, simulations showed that at full coverage C m X surfactants with 12 ≤ m b 18 form hemicylindrical micelles on graphene surface and have a characteristic average density distribution of the charged head-groups as shown in Fig. 2 . First sharp peak on the density distribution corresponds to the molecules lying flat on the surface and the second broader peak to the adjacent molecules. According to the corresponding distribution of counterions, the charge on these groups is almost fully compensated by condensed counterions. As a result, these groups do not contribute to the overall surface charge density of the surfactant layer. Furthermore, while the radius of the hemicylindrical micelles scales with surfactant chain length, the position of the first two peaks on the density distribution remains the same (Fig. 2) .
As schematically shown in Fig. 2 , the fraction of the exposed surfactant charged groups in each hemicylindrical micelle varies monotonically with chain length and can be calculated as f =(π − 2α)/π, where sinα = d/r with d and r being the thickness of the electrically neutral surfactant layer and micelle radius, respectively. The second factor defining the effective surface charge density is the maximum surface coverage or the density of surfactant molecules on graphene surface. Simulations show that surface coverage increases with chain length due to stronger chain-chain and chain-substrate van der Waals interactions until it reaches the maximum at C16 (Table 3 ). The resulting effective charge density of surfactant layer increases with surfactant chain length and saturates at m = 16 with maximum charge density of 1.7 e/nm 2 ( Table 3 ). The surface charge density of other ionic surfactants and polymers studied in this work was reported in the literature or can be estimated based on the chemical composition. Combining these data with the measured FGS dispersion efficiency shows a clear correlation between the surface charge density of surfactant layers, defining the strength of long-range repulsive electrostatic interactions between the FGSs, and the concentration of dispersed FGS (Table 2) . It is noteworthy, that on highly curved surfaces, such as carbon nanotubes, C m X surfactants form a cylindrical shell around the substrate with all the charged tail-groups exposed in solution [19] . As a result, the effective surface charge density of the SDS layer on carbon nanotube is almost 15% larger than that on graphene, which explains the differences in the corresponding dispersion efficiencies. Moreover, in the low coverage regime when the concentration of SDS is well below critical surface aggregation concentration and in the 40-60 μM range SDS molecules form dense planar monolayer on FGS [11] with the average density 1.5-2.0 molecule/nm 2 or surface charge density of 1.5-2.0 e/nm 2 [20] . In this regime, SDS also produces stable FGS dispersions through electrostatic stabilization mechanism and the concentration of dispersed FGS is as high as 10 mg/100 mL [11] . These data suggest that colloidal stability of FGS in the presence of ionic surfactants is dominated by mean-field electrostatics and depend on the effective surface charge density of surfactant layers on FGS. However, shortrange interactions due to steric, hydration and ion mediated second order electrostatic interactions, sensitive to the details of the distribution of discrete charges on the surface, were reported to give significant contribution to the total repulsive interactions between FGSs at separation smaller than 1.5 nm [21] . These forces are expected to play the major role in time evolution of FGS dispersions since they define the energy barriers for the aggregation and restacking of FGSs [22] . The relative role of electrostatic and non-electrostatic forces in the long-term stability of FGS aqueous dispersions was examined using SANS. The approach previously applied to semi-quantitatively assess the degree of dispersion of single-and multi-walled carbon nanotubes was employed [23, 24] . The power law dependence of the total scattering cross-section (which is proportional to the recorded scattering intensity, I) over momentum transfer wave vector, Q, with a power exponent α (Q −α ) gives a semi-quantitative assessment of the degree of dispersion based on simple geometrical scaling laws. For dilute dispersions of rigid rods such as shortened single wall CNTs, I follows the Q −1 power law [23, 24] . Graphene sheets are flexible 2D objects; however, surfactant decorated FGSs in solution are expected to be locally semi-rigid. Then, close to Q −2 power law should be followed for good dispersion. Deviation from the Q − 2 power suggests a more complex structure than simple graphene sheets (folding or aggregation). SANS spectra of the representative FGS dispersions in ionic (SC) and non-ionic (TX) surfactant solutions containing 0.10% and 0.04% of FGS by mass, respectively, both freshly prepared (labeled as "fresh") and the same solutions stored in ambience for 27 days (labeled as "stored"), are shown in Fig. 3 . SANS spectra of neat surfactant solutions, 5% by mass in deuterated water are shown in the inset. The symbols are the experimental data and solid curves are model calculations. The asprepared FGS suspensions could be well described by a power law with an incoherent background, I(Q) = I 0 /Q α + I inc , where both the coefficient, I 0 , and the incoherent scattering intensity, I inc , are constant. The best fits show power exponents of 2.33 ± 0.01 and 2.72 ± 0.01 for as prepared FGS/SC and FGS/TX solutions, respectively. The FGS/SC suspension has better dispersion as implied by the closer to Q − 2 power law behavior, whereas the Triton X-100 suspension is inferior, which is consistent with the apparent dispersion power of the two surfactants as shown in Table 2 . The higher exponent value suggests a more complex structure than the simple 2D sheets.
After 27 days of storage under ambient conditions, the FGS/TX suspension shows visible agglomeration and sedimentation, while the FGS/SC suspension remains visually indistinguishable from the asprepared one. However, the SANS spectra of the stored suspensions show apparent deviations from the as-prepared ones for both. For the stored FGS/TX suspension, there is excess scattering in the Q-range of 0.01
, which may be attributed to surfactant desorption from FGSs and the formation of micelles in solution. As shown in the inset, TX micelles are non-interacting so that the total scattering intensity scales with the individual micelle scattering function by the surfactant concentration, whereas SC solution shows a strong correlation peaks at~0.13 Ǻ −1 due to long-range charge interactions. Hence, the spectra of FGS/TX after storage could be modeled as the sum of power-law scattering from the remaining dispersed FGS in solution, the free TX micelles scattering following the same scattering function as in Fig. 3 inset, Although the FGS/SC suspension shows slight degradation over 27 days, it still demonstrates better stability than the FGS/TX suspension against surfactant desorption and sedimentation. These data further highlight the importance of strong attractive interactions between FGS and surfactant hydrophobic region and strong long-range repulsive interactions between surfactant layers decorating neighboring FGSs for a long-term stability of FGS dispersion. Compared to SC, TX has weaker attractive interactions between tert-octylphenyl tail and FGS and shorter-range repulsive interactions between polyethylene oxide head-groups, which have steric and hydration nature. The combination of these two factors facilitates TX surfactant sharing between adjacent FGSs followed by surfactant expulsion from the gap between graphene sheets overtime and partial restacking of graphene sheets (schematically shown in Fig. S2) .
The results from current study have important implications for practical applications. First, in suspensions where the surfactants do not strongly bind to graphene, such as ordinary ionic surfactants, the surfactant may detach from the graphene surface during aging and cause graphene restacking and eventual sedimentation of the graphene aggregates. Even for some good dispersing surfactant such as SC, the surfactant will not detach from the graphene surface, but over time structural degradation and some degree of agglomeration still occurs. This may be due to the fact that the graphene sheets are too hydrophobic and the long-range van der Waals forces are too strong. To overcome such limitations, the surfactants need to not only bind to graphene, but also need to provide long-range electrostatic or steric repulsion. Preliminary studies suggest that surfactants such as CLEVIOS™ P (PEDOT:PSS) can have exceptional dispersion power to fulfill these needs. These polymers are known to form large core-shell particles 10-30 nm in diameter in aqueous solution, which can incorporate graphene sheets in their hydrophobic core [25] . PEDOT:PSS effectively shields direct graphenegraphene van der Waals interactions and the concentration of the dispersed FGS is then defined by graphene uptake by each PEDOT:PSS particle and by the concentration of these particles in solution. More systematic study of the effect of the molecular weight and the chain chemistry is underway and will be reported in the future.
